Abundant research finds that in young adults explicit learning (EL) is more dependent on the medial temporal lobes (MTL) whereas implicit learning (IL) is more dependent on the striatum. Using fMRI, we investigated age differences in each task and whether this differentiation is preserved in older adults. Results indicated that, while young recruited the MTL for EL and striatum for IL, both activations were significantly reduced in older adults. Additionally, results indicated that older adults recruited the MTL for IL, and this activation was significantly greater in older compared with young adults. A significant Task ϫ Age interaction was found in both regions-with young preferentially recruiting the MTL for EL and striatum for IL, and older adults showing no preferential recruit for either task. Finally, young adults demonstrated significant negative correlations between activity in the striatum and MTL during both the EL and IL tasks. These correlations were attenuated in older adults. Taken together results support dedifferentiation in aging across memory systems. (N.A. Dennis). (2010) xxx www.elsevier.com/locate/neuaging 0197-4580/$ -see front matter
One of the most fundamental distinctions in memory research is the one between declarative and nondeclarative memory. Declarative memory refers to conscious memory for facts and events, whereas nondeclarative memory refers to memory that is expressed through performance in the absence of conscious awareness (Squire et al., 1990) . Focusing on the acquisition of such memories, learning that leads to declarative memories is known as explicit learning (EL), whereas learning that leads to nondeclarative memories is known as implicit learning (IL). There is abundant animal, patient, and neuroimaging evidence that EL and IL depend on different neural substrates. Specifically, EL is more dependent on the medial temporal lobe (MTL) regions (e.g. Cohen et al., 1985; Cohen et al., 1999; Eichenbaum, 1999 Eichenbaum, , 2001 , whereas IL is more dependent on striatal-frontal circuitry (e.g. Heindel et al., 1989; Knowlton et al., 1996; Knowlton, 2002) . The neural systems supporting EL and IL are not only different but they may also function in a competitive manner with one another (Poldrack and Packard, 2003; Sherry and Schacter, 1987) . For example, animal studies have shown that lesions to one system can facilitate learning in the other system (McDonald and White, 1993; Mitchell and Hall, 1988; Packard et al., 1989) , and neuroimaging evidence in young adults has found negative correlations in activations between the two systems (Jenkins et al., 1994; Poldrack and Gabrieli, 2001; . The foregoing evidence suggests that these two regions interact in such a manner that links both in terms of resource allocation and neural recruitment-with each competing with the other to mediate task performance. However, no study has investigated dissociations between the contributions of striatal and MTL regions to IL and EL in older adults. What's more, research has just begun to explore age differences within EL and IL tasks. Investigating both age differences within IL and EL tasks, as well as age ϫ task interactions associated with the differentiation of these learning systems, were the goals of the present functional MRI (fMRI) study.
It is well-known that aging is associated with structural and functional decline in specific brain regions, such as the frontal lobes, striatum, and MTL (for a review see Raz, 2005) . In addition to these regionspecific effects, aging has also been associated with changes in the relative contribution of various brain regions to task performance. For example, older adults recruit contralateral brain regions to perform tasks mediated mainly by one hemisphere in young adults (Cabeza, 2002) and they recruit frontal regions for tasks that are more dependent on posterior brain regions in young adults (Davis et al., 2008; . This reduction in the neural specialization is also observed in ventral temporal cortex, where older adults show attenuation in the selectivity of cortical areas dedicated to the processing of faces, places, and other object categories (Park et al., 2004) . These effects have been demonstrated across informational domains as well, such as right-hemisphere frontal regions associated with spatial processing and spatial working memory in young being recruited for verbal working memory in older adults (Reuter-Lorenz et al., 2000) . Taken together, results support the conclusion that aging is associated with a process of dedifferentiation across hemispheres, within hemispheres, and across brain regions. While these dedifferentiation effects have been demonstrated across informational domains (Reuter-Lorenz et al., 2000) and across object categories (Park et al., 2004) , no evidence is available regarding whether age-related dedifferentiation also affects the distinction between declarative and nondeclarative memory systems. If older adults activate face-specific regions for processing chairs, and vice versa (Park et al., 2004) , could they also activate EL regions for IL and vice versa? Given evidence of age-related dedifferentiation in visual cortices and agerelated reductions in hemispheric lateralization, it stands to reason that the dichotomy of learning systems would also decrease in aging.
Supporting this pattern of dedifferentiation in learning systems includes evidence that the inherent competition between the two systems can be altered when brain structure or function is altered. For example, animal studies indicate that a lesion to one system can facilitate learning in the other system (McDonald and White, 1993; Mitchell and Hall, 1988; Packard et al., 1989) . Additionally, data from Parkinson's patients suggests that disruption in striatal functioning results in an attenuation of the intrinsic competition between learning systems and increased learning-related activation in MTL (Moody et al., 2004) . Results suggest that, with reduced competition, the opposing system is able to assume a greater role in learning, perhaps in an effort to maintain task goals. We believe that such compensatory processes occur in the opposing system based on the system's ability to learn similar information, albeit under different situa-tional structures (e.g. implicit or explicit task instructions). That is, we posit that dedifferentiation is most likely to occur between regions that are specialized to carry out similar processes. In the case of dedifferentiation in ventral visual stream, previous research has suggested that areas specialized for face processing and object processing exhibit increased activation for the opposite stimuli later in life (Park et al., 2004) . Thus to the extent that IL and EL represent opposing learning systems in young adults, they may exhibit age-related increases in activation for the opposite learning task. Thus, it stands to reason that dedifferentiation between systems is also possible. As noted, aging is associated with both structural and functional decline in each learning system, making it a viable model for dedifferentiation of the two regions. Moreover, given the observed compensatory mechanisms of older adults, research further suggests that dedifferentiation of these learning systems maybe lend themselves to compensatory recruitment of the alternative system. Thereby, we would not only predicted reduced learning-specific recruitment of each system in aging, but learning-dependent recruitment of the opposing system.
To investigate these questions we used fMRI to image both young and older individuals while performing two different learning tasks-one explicit and one implicit. For EL we used a common encoding task, semantic categorization, and measured EL-specific brain activity using the subsequent memory paradigm (Paller and Wagner, 2002) . The subsequent memory paradigm identifies brain regions showing greater study-phase activity for items that are remembered than for those that are forgotten in a subsequent memory test. In the current study participants encoded a list of words by performing a semantic categorization task while in the scanner and, postscan, they completed a recognition test with confidence ratings. Thus, in accord with previous subsequent memory studies (e.g. Brewer et al., 1998; Kirchhoff et al., 2000) EL was defined as the difference in neural activity for subsequently remembered compared with subsequently forgotten words. Previous studies assessing age differences in subsequent memory activity have found age-related reduction in MTL activity Gutchess et al., 2005; Morcom et al., 2003) .
For IL we employed the serial response time (SRT) task (Nissen and Bullemer, 1987) . A commonly used IL task, the SRT task measures an individual's ability to learn a subtle sequential regularity through repeated exposure and interaction with the sequence. In the typical SRT task participants are presented with four open circles on a computer screen. They are asked to respond as quickly and accurately as possible (via keypresses) to a circle as it fills in dark (i.e. the target) on the screen. Unbeknownst to the individual there is a repeating pattern to the targets. Learning is measured through faster and more accurate responding to the repeating pattern or sequence, than a completely random pattern of targets. IL was thus defined as a difference in neural activity to sequence compared with random trials. Again, this task is considered implicit as individuals rarely gain conscious or explicit awareness of the sequential regularity. Moreover previous behavioral studies show little or no age-related differences in SRT learning (e.g. Dennis et al., 2006; Howard and Howard, 1992) .
While only a limited number of studies have examined the neural correlates underlying age differences in EL, even fewer have investigated age differences in the neural correlates of IL (for a review see . Moreover, the only study to date to examine the neural correlates of IL in aging using an SRT task used a blocked design, which measures sustained neural activity . Recent work has demonstrated that age differences are not only dependent on the task performed, but on how the neural activity is measured (i.e. with a blocked design measuring sustained activity or an event-related design measuring transient activity) . Therefore, while concluded that there are no age differences in striatal activity in SRT learning, it is unclear whether similar results would be obtained when testing with event-related designs. Therefore, in addition to our main question regarding dedifferentiation in aging, the current study also focuses on investigating task specific age differences in transient activations in both the foregoing EL and IL tasks.
Thus, the current study had three main goals. The first goal was to investigate age differences within both the EL and IL tasks. Based upon previous evidence of age-related reduction in EL, but not IL, we predicted reduced EL activity in the MTL, but expected similar IL activity in the striatum if transient differences followed those found in sustained measurements. The second goal was to investigate age differences in differentiation of learning systems. Given abundant dissociation evidence (Squire et al., 1990) , we expected that young adults would exhibit the typical pattern of striatal activity during IL and MTL activity during EL. Based on our hypothesis that age-related dedifferentiation affects memory systems, we predicted that the differentiation between EL and IL would be reduced in older adults, who would exhibit more MTL activation during IL as well as more striatal activation during EL, compared with young adults. Thus, we predicted a significant Age ϫ Task interactions in both the MTL and striatum. Finally, we sought to investigate age differences in the competitive processes undertaken by each learning system. As dedifferentiation indicates a reduction in competition of the MTL and striatum during EL and IL respectively, we also predicted a reduction in negative correlations between these two regions in older adults.
Methods

Participants
Twelve healthy younger adults (eight males), with an average age of 22.2 years (SD ϭ 3.5; range: 18 -30) and 12 healthy older adults (seven males), with an average age of 67.4 years (SD ϭ 6.7; range: 60 -79) were scanned and paid for their participation. Please see Table 1 for older participant characteristics. Younger adults were all students at Duke University and older adults were recruited from the Durham, NC community. Participants with a history of neurological difficulties or psychiatric illness, loss of consciousness, alcoholism, drug abuse, and learning disabilities were excluded from the study. Written informed consent was obtained from all participants for a protocol approved by the Duke University Institutional Review Board. Each run started with four practice trials and directly followed by task trials. Each run consisted four cycles of three repetitions of the 12-item sequence (i.e. 3-1-3-2-1-4-2-3-4-1-2-4), followed by 12 pseudorandom trials (with the constraint that no two trials repeated). This resulted in a total of 144 sequence trials and 48 random trials presented in each of the three runs. This second order predictive sequence has been used in previous behavioral and neuroimaging SRT tasks and found to be both (a) relatively impervious to explicit awareness and (b) exhibit equivalent learning by both young and older adults (e.g. Dennis et al., 2006) .
Explicit learning.
The stimuli consisted of 304 words equally divided into four categories, animal, place, object, and job. All words could be categorized into one, and only one, of the four categories. Two hundred twentyfour words were used for the encoding task, inside the scanner, and an additional 80 words were presented at retrieval only, outside of the scanner.
Procedure
Participants completed five fMRI runs, alternating between three IL and 2-EL runs (run order: IL-EL-IL-EL-IL). Each run began with a 15-second fixation period to allow image stabilization, lasted 4.8 minutes and included another 15-second fixation period in the middle of the scan as a rest period.
Implicit learning
During the IL runs participants performed the SRT Task. On each trial one of the circles darkened (the target) until a correct response occurred. Response time was measured from target onset to the first response. Unlike many former SRT tasks which used block fMRI designs, the current task was event-related. As such, each stimulus was presented for a maximum of 1,500 ms and followed by an intertrial fixation period, which varied randomly between 500 and 1,250 ms. Participants were not told of the sequence regularity, but rather to simply respond as quickly and accurately as possible to the presence of a target. Response time (RT) and accuracy were recorded.
Following the scanning session (and the EL recognition test-see below) participants were given three tests of explicit awareness: a questionnaire, a production task, and a recognition test. [These tests of explicit awareness have been used in several prior IL studies (e.g. Dennis et al., 2006; Destrebecqz and Cleeremans, 2001; Howard et al., 2004) ]. The questionnaire consisting of five open-ended questioned designed to probe their declarative knowledge of the sequence. Participants were asked a series of increasingly specific questions: 1) Do you notice anything special about the way in which the circles were presented? 2) Did you notice whether the circles followed a repeating pattern? If so, when? 3) Did you try to take advantage of this repeating regularity to anticipate what event was coming next? 4) Was your strategy helpful? 5) There was, in fact, a repeating sequence to the order in which the circles were filled in; can you guess at what it might have been? Can you guess the length of the sequence? (The experimenter encouraged people to describe any regularities at all that they noticed, even if they were vague or unsure). All answers were recorded by the experimenter.
Only four young and seven older adults answered that they thought there might be a regularity in the presentation of the stimuli, though no one who attempted to take advantage of this abstract feeling felt that it consistently helped task performance. Furthermore, despite this general feeling that a regularity may have been present, no participant in either age group guessed the correct length or composition of the sequence. When specifically asked to guess what the sequence was, only three older and three younger adults guessed more than three correct positions in a row, and none correctly repeated more than four correct positions. Thus, it was concluded that no participants had full declarative knowledge of the sequence structure, as assessed by the questionnaire.
On the production task participants were asked to complete two production blocks in which they needed to produce sequences by pressing the keys corresponding to the circle locations on the computer screen. On the first block participants were told to try to "generate a series of words/ trials that resemble the learning sequence as much as possible." In the second block they were told to try to "create a sequence that is different from the one you responded to." Furthermore, participants were instructed not to be "systematic" in their responses for this latter exclusion block. A difference in the production of sequence structure under the two instructional conditions has been taken as evidence of participants having control over sequence knowledge and hence as a test of declarative knowledge (Destrebecqz and Cleeremans, 2001) .
The Production data were analyzed by assessing the frequency with which each participant produced patternconsistent and pattern-inconsistent triplets under inclusion and exclusion instructions. (Because all single items and pairs occurred with equal probability in the current sequence structure, the lowest level of information distinguishing between pattern-consistent and inconsistent structure would be a triplet, or three consecutive events.) Pattern-consistent triplets were those that occurred within the sequence, whereas pattern-inconsistent triplets were those that never occurred during sequence blocks, and could only have occurred during the random blocks. The production of more pattern consistent triplets in the inclusion than the exclusion block reflects control over sequence knowledge and hence explicit sequence knowledge. Because there were 12 unique triplets in the 12-element repeating sequence and 64 possible triplets overall, one would expect a 0.188 proportion of consistent triplets by chance. Single-sample t tests carried out on the four conditions revealed that only the young Inclusion condition exceeded chance, t (11) ϭ 2.42, p ϭ 0.05. These data were also submitted to an Age Group ϫ Instruction mixed factorial ANOVA with Instruction as a within subject variable. No main effect or interaction reached significance indicating that neither the difference in Instructions nor the Group differences in this variable varied significantly. Thus, it was concluded that while the t-test data suggested that young adults had some indication of explicit control in their knowledge of the sequence (reflected in their ability to produced more pattern consistent triplets than would be expected by chance when instructed to replicate the sequence), their amount of and control of this knowledge did not differ significantly from older adults who were at chance on all measures of explicit awareness.
On the recognition task participants were presented with sequences of 24 events on each of 20 trials. After observing the sequence they were asked to evaluate whether it had occurred during the scanner session. They were asked to respond using a scale of 1 (certain it did not) to 4 (certain it did). On half the trials the events consisted of two repetitions through the sequence they observed during learning (beginning at a random starting point in the sequence). On the remaining trials the events were produced by a foil sequence made up of the learning sequence in reverse (again beginning at a random starting point). The regularity was not mentioned, and no feedback was provided.
The recognition data were analyzed by determining the mean recognition response (as indexed by their response to the level of certainty that each trial was old). The mean recognition response for each trial presented in the recognition test was similar for both young (sequence: 2.51, random: 2.43) and older adults (sequence: 2.54, random: 2.37). Paired t-tests in each age group revealed no significant difference between the two trial types [young: t (11) ϭ 1.70, p ϭ 0.12; old: t (11) ϭ 1.03, p ϭ 0.33]. Thus, despite exhibiting implicit learning of the sequence structure, participants were unable to express any explicit knowledge through the recognition task. This is consistent with previous findings using a second-order sequence.
Thus, when taken together, all three measures suggest that neither group gained declarative knowledge or explicit control over the sequence structure.
Explicit learning
During the 2-EL runs, participants performed a category classification task, which served as the encoding phase for a surprise memory test after the scanning session. Each EL run consisted of 112 words, displayed individually for 1,500 ms and followed by an intertrial fixation period, which varied randomly between 500 and 1,250 ms.
During the encoding phase in the scanner, participants were asked to make a semantic judgment pertaining to each word. On each trial, a single word was displayed in the center of the screen. Below the word, the first letter of the four category alternatives (a, p, o, j) was displayed to remind participants about the possible responses. Participants were instructed to respond as quickly and accurately as possible with a button press corresponding to the category to which the word belonged. Encoding was incidental, as participants were unaware of a subsequent memory test.
During the recognition test, which followed approximately 20 minutes after the scanning session, participants were presented with the 208 old words intermixed with 80 new words, from the same four categories. They were asked to make old/new judgments and indicate their confidence (definitely old, probably old, probably new, definitely new). Again, words were presented one at a time in the center of a computer screen. The memory/confidence choice was displayed below each word. Words were presented for 3 seconds, during which time participants pressed a key corresponding to their memory for the word. (The behavioral results have been reported previously, in .
fMRI methods
Scanning and image processing
Images were collected using a 4T GE scanner. Stimuli were presented using liquid crystal display goggles (Resonance Technology, Northridge, CA) and behavioral responses were recorded using a four button fiber optic response box (Resonance Technology). Scanner noise was reduced with earplugs and head motion was minimized using foam pads and a headband. Anatomical scans began by first acquiring a T1-weighted sagittal localizer series. The anterior (AC) and posterior commissures (PC) were identified in the midsagittal slice and 34 contiguous oblique slices were prescribed parallel to the AC-PC plane. High resolution T1-weighted structural images were acquired with a 12-ms repetition time (TR), a 5-ms echo time (TE), 24 cm field of view (FOV), 68 slices, 1.9 mm slice thickness, 0-mm spacing, and 256 ϫ 256 matrix. Echoplanar functional images were acquired using an inverse spiral sequence with a 1,500 ms TR, 31 ms TE, 24 cm FOV, 34 slices, 3.8 mm slice thickness, resulting in cubic 3.8 mm 3 isotropic voxels, and 64 ϫ 64 image matrix.
Data were processed using SPM2 (Statistical Parametric Mapping, Wellcome Department of Cognitive Neurology, www.fil.ion.ucl.ac.uk/spm). The first six volumes were discarded to allow for scanner equilibration. Time series were then corrected for differences in slice acquisition times, and realigned. Functional images were spatially normalized to a standard stereotactic space, using the Montreal Neurological Institute (MNI) templates implemented in SPM2 and resliced to a resolution of 3.75 mm 3 . The coordinates were later converted to Talairach and Tournoux's space (Talairach and Tournoux, 1988) for reporting in Tables. Finally, the volumes were spatially smoothed using an 8-mm isotropic Gaussian kernel and proportionally scaled to the whole-brain signal.
fMRI analyses
For each participant, trial-related activity was modeled with a stick function corresponding to stimulus onsets, convolved with a canonical hemodynamic response function (HRF) within the context of the GLM, as implemented in SPM2. Confounding factors (head motion, magnetic field drift) were also included in the model. According to our motion parameters no participant moved more than 3 mm in any direction either within or across runs. Thus, no data were eliminated in either age group due to motion artifacts.
Statistical Parametric Maps were identified for each participant by applying linear contrasts with the parameter estimates (beta weights) for the events of interest, resulting in a t-statistic for every voxel. For the EL task both high and low confidence subsequent hits and misses were coded, and for the IL task correct trials from both sequence and random trials (incorrect trials were also modeled, yet treated as a regressor of no interest. The use of correct-only trials mirrors behavioral results conducted on RT data in SRT studies). Our analyses included two main contrasts: for the SRT task IL was defined as neural activity associated with sequence Ͼ random trials, and for the subsequent memory task EL was defined as neural activity associated with subsequent high confidence hits Ͼ subsequent misses. (Different analyses of the episodic encoding data were reported in . Both contrasts were conducted in first-level analyses.
To assess group effects on each task, random effects analyses were performed on each contrast of interest, in each age group using a significance threshold of p Ͻ 0.005 with an extent threshold of 10 voxels [It has been argued that this threshold produces a desirable balance between Type I and Type II error rate (Lieberman and Cunningham, 2009) ]. Next, in our assessment of age effects, the forgoing group results were subsequently used as an inclusive mask for identifying aging effects using direct contrasts between groups at p Ͻ .05 with an extent threshold of 10 contiguous voxels. Thus, we are assured that the regions we identified through this double analysis approach were of primary importance to the task in one group [showed a significant leaning effect (IL or EL) within one of the groups (p Ͻ .005, 10 voxels)], and were also used significantly less in the second group [showed a significant age group difference, (p Ͻ .05, 10 voxels)]. The conjoint probability following inclusive masking approached p Ͻ .00025 (Fisher, 1950; Lazar et al., 2002) , but this estimate should be taken with caution given that the contrasts were not completely independent.
Next, to test our theory of dedifferentiation in learning systems, individual subject contrasts for each learning effect were submitted to a 2 (age: young v. old) ϫ 2 (task: IL v. EL) ANOVA using SPM5. Base upon our hypothesis we idenified 2-way interactions in a priori regions of interest (ROIs), specifically the MTL and striatum, at p Ͻ 0.05, with an extent threshold of 10 voxels. ROIs were constructed by apply masks of each region to the 2-way interaction analysis using an anatomical library (Tzourio-Mazoyer et al., 2002) available within SPM5.
Finally, to assess whether there existed neural competition between the striatum and MTL in younger adults and whether this competition was attenuated in older adults we performed correlational analyses on the learning-related data in each of the regions identified in the ANOVA [i.e. left and right MTL, right caudate and putamen (see below)].
Specifically, we obtained the mean EL and IL activity for each participant, for each region. Then we assessed the significance of correlations within each age group, between MTL and striatal structures for each learning measure. As a second step we also tested whether there was a significant age-group difference between the correlations for each age group.
Results
Behavioral
Explicit learning
As noted previously , participants responded incorrectly during encoding less than 1% of the time, leading to the inclusion of all trials in the analyses. Table 2A lists the proportion of hits and false alarms (FAs) within each confidence level for both age groups, as well as encoding reaction times (RTs) for subsequently remembered and forgotten items. A 2 (group: young, old) ϫ 2 (memory: hits, false alarms) ϫ 2 (confidence: high, low) ANOVA revealed a significant main effect of memory, F 1,1 ϭ 172.47, p Ͻ 0.001, with participants showing significantly more hits than FAs overall, and a significant main effect of confidence, F 1,1 ϭ 19.53, p ϭ 0.002, showing greater high (vs. low) confidence responding overall. Neither the main effect of group, nor any interaction involving group reached significance. To ensure that activation differences between remembered and forgotten trials were not confounded with differences in time-on-task, two-sample t-tests were conducted to compare encoding RTs for subsequently remembered vs. forgotten words. These tests revealed no significant differences within either group. Furthermore, a 2 (group: young, old) ϫ 2 (subsequent memory: remembered, forgotten) ANOVA on encoding RTs revealed no significant main effects or interactions. Thus activation differences between subsequently remembered and forgotten words cannot be a result of greater looking time or exposure during encoding.
Implicit learning
Behavioral data from 1 young adult in the IL task was lost due to a computer error in data collection. The following statistics reflect behavioral data from 11 participants.
RT: Participants responded to 98% of the trials. Trials which did not elicit a response were coded as incorrect. Figure 1a ), visual cortex, left ventrolateral prefrontal cortex (VLPFC), and left superior parietal cortex (Table 3) . Consistent with our predictions, EL activity in the MTL was significantly greater than that found in older adults (see Table 3 , Ageeffects t-values).
For IL younger adults activated a network of regions consistent with previous studies of implicit sequence learning including bilateral caudate, right putamen (activation displayed Figure 1b ), bilateral superior frontal gyrus, posterior cingulate, and cerebellum (see Table 3 ). Consistent with our predictions, IL activity in the striatum was significantly greater than that found in older adults (see Table 3 , Age-effects t-values).
Older adults.
For EL older adults activated left parahippocampal gyrus (activation displayed in Figure 1c ), left superior temporal gyrus, and several regions in left PFC including both ventromedial, ventrolateral, and dorsolateral PFC (DLPFC) (see Table 3 ). EL activity in ventromedial PFC was significantly greater than that found in younger adults (see Table, three Age-effects t-values).
For IL older adults activated regions bilateral hippocampus/PHG (activation displayed in the Figure 1d ) and left Fig. 1 . fMRI learning effects for both explicit and implicit learning in young and older adults. Bar graphs represent mean beta values (effect sizes) for either explicit learning (red) or implicit learning (blue) activity in each region. PHG: parahippocampal gyrus. Asterisks (*) indicate significant learning effects in each age group displayed in the figure as well as a significant age effect (denoted by *t values in Table 2 ). Table 3 ). Consistent with our predictions, MTL (left hippocampus) activity was significantly greater in older, compared with younger adults (see Table 3 , Ageeffects t-values).
DLPFC (see
Age ϫ Task Interactions.
Consistent with our predictions, we found Age ϫ Task interactions in MTL and striatal regions. These interactions occurred in bilateral hippocampus, right caudate and right putamen ( Table 4 ). All four regions as well as activation bars for each learning task from young and older adults are displayed in Figure 2 . As illustrated by the bar graphs in this figure, these interactions occurred in regions that showed significant differences between EL and IL in young but not in older adults. The results from young adults are consistent with the dissocia-tion between declarative and nondeclarative memory: bilateral MTL showed greater activity for EL than IL, whereas the right striatum showed greater activity for IL than EL. In contrast, older adults did not show these differences.
Correlational analyses 2.3.1. Young adults
Young adults exhibited a significant negative correlation between EL activity in the left MTL and right caudate (r ϭ Ϫ0.63, p Ͻ .05) and right putamen (r ϭ Ϫ0.72, p Ͻ .01) as well as between right MTL and right caudate (r ϭ Ϫ0.77, p Ͻ .01) and right putamen (r ϭ Ϫ0.84, p Ͻ .001). Young adults also exhibited negative correlations between IL activity in both MTL regions and right caudate and putamen, however, only the correlation between right MTL and right caudate reached significance (r ϭ Ϫ0.62, p Ͻ .05) ( Table 5 ).
Older adults
Correlations between the MTL and striatum in older adults were all attenuated compared with that seen in the young. For EL activity, older adults only exhibited a negative correlation between left MTL and right putamen (r ϭ Ϫ0.58, p ϭ .05) and right MTL and right putamen (r ϭ Ϫ0.6, p Ͻ .05). For IL activity no correlation reached significance (see Table 5 ). Moreover, for both EL and IL activity, the negative correlations between MTL regions and the right caudate were significantly larger in young than then were in older adults. Results suggest that while young adults maintained a competitive relationship between the striatum and MTL, this competitive relationship is reduced in aging (see Table 5 ).
Discussion
The results yielded three main findings. First, young adults showed a clear dissociation between declarative and nondeclarative memory, significantly activating MTL for EL and the striatum for IL, whereas older adults did not. While older adults did activate the MTL for EL (albeit exhibiting age deficits in this activity), they did not exhibit striatal activity for IL, but bilateral MTL activity (see Figure  1 ). Second, bilateral hippocampal, right caudate, and right putamen regions showed significant Age ϫ Task interactions, with young but not older adults exhibiting differentiation in learning-related activity, again confirming a dedifferentiation of memory systems in older adults (see Figure  2 ). Finally, while an opposing relationship between declarative and nondeclarative memory systems was additionally confirmed in young adults by negative correlations between MTL and striatal activity, these correlations were attenuated in older adults, consistent with the dedifferentiation hypothesis.
For the EL task, young adults exhibited significant activation in the left hippocampus, extending into left PHG (see Figure 1a ). This finding replicates previous imaging tasks investigating EL of episodic encoding (e.g. Brewer et al., 1998; Kirchhoff et al., 2000; Prince et al., 2005; Wagner et al., 1998) . Older adults, while also exhibiting MTL activity for EL, activated a slightly more lateral region of left PHG (see Fig. 1c ). However, a direct contrast between age groups indicated that young adults exhibit significantly more EL activation in left hippocampus compared with older adults (see Table 2 and activation bars in Figure 1a ).
Age-related reductions in MTL activity during subsequent memory tasks is a common finding in studies of aging Gutchess et al., 2005; Morcom et al., 2003) . During episodic encoding the MTL, and more specifically the hippocampus, is associated with the successful encoding of true item-specific details of the encoding event. Reduced hippocampal activity in aging suggests that older adults do not encode the same quality or amount of detail as young adults for later memory retrieval . Consistent with the foregoing studies, the current results suggest that older adults are unable to use the MTL in EL to the same extent as young adults. Focusing on IL, young adults exhibit significant IL activity in bilateral caudate and right putamen (see Figure 1c ), as well as greater IL activity in right striatum compared with older adults. By contrast, older adults exhibit significant IL activity in bilateral MTL (hippocampus) (see Figure 1d ), as well as greater IL activity in left hippocampus compared with young adults. The finding of striatal-mediated IL in young adults replicates previous imaging studies (e.g. Grafton et al., 1995; Hazeltine et al., 1997; Rauch et al., 1997a) . Furthermore, like that found in the current study, striatal activity is often right lateralized in SRT studies (Doyon et al., 1996; Grafton et al., 1995; Rauch et al., 1995; Rauch et al., 1997a) . While the basis of this lateralization is not well-understood it has been suggested that it may emerge from the spatial nature of the task and be associated with right-hemisphere dominance of non-verbal and spatial processes (Jonides et al., 1996; Rauch et al., 1997a) .
While the single previous study to date examining age differences in IL using the SRT task found no age-related differences in striatal activity , other studies examining aging and IL (nondeclarative learning) using probabilistic categorization learning (Fera et al., 2005 ) and a modified SRT task (Aizenstein et al., 2005) have identified age-related reductions in striatal activity.
While results from the current study support the latter findings, it is unclear what may underlie differences between our study and that of Daselaar and colleagues. One difference is that the Daselaar study employed a blocked design, which confounds the measurement of both transient and sustained activity, whereas the current study was an eventrelated design, measuring transient activity alone. Previous work has demonstrated that aging effects each type of neural processing , and suggests that differences between studies may rest in how neural activity is measured. Additionally, several demographic differences between participants in the two studies may have accounted for the observed differences in neural recruitment. First, the young participants in the Daselaar study were older (range: 30 -35 years) than the participants in the current study (range 18 -30 years), making the age gap less pronounced. The older participants in the Daselaar study also had a slightly lower MMSE scores (range 25-30; average: 27.8) than found in the current study (range 29 -30; average: 29.8) . To the extent that the observed dedifferentiation represents a compensatory mechanism supporting task performance, it may be that the current sample of older adults were slightly higher functioning and thus able to take advantage of this mechanism.
As noted, the other striking difference between the two sets of results is the presence of age-related MTL activity in the current study. That is, despite the aforementioned agerelated reduction in striatal activation, older adults do ex-hibit significant IL activity in bilateral hippocampus, and significantly greater IL activity in left hippocampus compared with young adults. Furthermore, in addition to the PFC (see below), bilateral hippocampus was the only region to show a significant IL effect in older adults. So the question arises, what type of learning does the MTL provide older adults? One possibility is that older adults are learning the sequence task explicitly, whereas young adults are maintaining an implicit representation of their sequencing knowledge. However, there exists no evidence of declarative knowledge in either age group, making this scenario unlikely.
A more pragmatic possibility is that the MTL is supporting temporal-spatial learning in older adults during sequence learning. The role of the MTL in mediating spatial learning and spatial relationships in young adults is well documented in the literature (e.g. Davachi, 2006; Eichenbaum, 2000; Ekstrom and Bookheimer, 2007; Ross and Slotnick, 2008) and complex multievent contingences (Chun and Phelps, 1999; Clark and Squire, 1998; Greene et al., 2007; Rose et al., 2002) , even under implicit learning conditions. Though not typical, MTL involvement in learning spatial and response contingences in the SRT task would be consistent with task goals and thus recruited by older adults.
Supporting this conclusion is also the age-related increase in dorsolateral PFC (DLPFC) activity found for IL. Increased MTL and DLPFC activity is often associated with increased working memory demands and the encoding of complex relationships (Blumenfeld and Ranganath, 2006; Schon et al., 2009) . It is possible that the age-related increase in activity in both regions indicates increased working memory processing needed to encode, maintain and respond to the complex sequence structure employed in the current study. Again, while not the typical IL finding, MTL activation during the SRT has been observed in previous studies (Rauch et al., 1997b; Schendan et al., 2003) . Consistent with Schendan et al. (2003) Who found implicit SRT learning in anterior MTL regions and explicit learning in more posterior regions our result too show relatively anterior MTL/hippocampal involvement in IL in older adults; again strengthening the conclusion that learning was implicit. Why older adults use this MTL learning system while younger adults use the more typically observed striatal system remains a question. The answer may be based upon both the ability of the MTL to handle such learning and the breakdown of specialized neural systems in older adults.
To further investigate age differences in the specialization of brain regions mediating IL and EL we performed a Learning Effect ϫ Age ANOVA within our a priori ROIs, the striatum and MTL. We identified four regions that showed a significant interaction: bilateral hippocampus, right caudate and right putamen (see Figure 2 ). Examination of the IL and EL effects and activation bars indicates that while young adults show differentiated activation in all four regions, older adults do not. In fact, despite exhibiting significant MTL activation for implicit learning, and agerelated deficits in MTL activity for explicit learning, older adults show equivalent learning-related activity in this region for both tasks. A similar pattern in observed in the striatum as well. Results expand upon previous research identifying dedifferentiation in visual cortex (Grady et al., 1994; Park et al., 2004) as well as age-related reductions in hemispheric asymmetry in frontal cortices (for a review see Cabeza, 2002) , finding that brain regions that were once highly specialized for certain cognitive processing become less specialized in aging.
The lack of dissociation between learning systems is not without precedent. Previously, work by Rauch et al. (1997b) examining patients with obsessive-compulsive disorder observed no striatal, but bilateral MTL activity associated with nondeclarative sequence learning. Additionally, Moody et al. (2004) found Parkinson's patients (known for disrupted striatal functioning) to exhibit an attenuated inverse relationship between positive striatal and negative MTL activation during nondeclarative learning in the weather prediction task. Together these results suggest that, under certain neurological conditions the dissociable and competitive relationship between the striatum and MTL may be attenuated.
Aging may also represent a state in which both striatalfrontal circuitry and MTL function are compromised such that additional learning mechanisms are needed to fulfill learning-related needs originally supported by one system or the other. As noted above, aging is associated with structural and functional changes in the striatum and MTL Raz, 2000 Raz, , 2005 that have been suggested to compromise function in each region (Braver and Barch, 2002; Daselaar et al., 2006; Grady et al., 2003; Li and Sikstrom, 2002) . These age-related changes may compromise each learning system to the point where cooperation, not competition is the best means for accomplishing task goals.
This idea of increased cooperation and reduced competition between regions in aging was investigated in the current study by directly comparing learning-related activity in the foregoing regions. As noted, previous studies concluded not only that the MTL and striatum represent distinct learning systems, but that these systems operate in direct competition with one another (Jenkins et al., 1994; Packard, 1999; Poldrack and Gabrieli, 2001; Poldrack and Packard, 2003) . That is, as activation in one system increases, activation in the other decreases . Such negative correlations within young participants were observed in the current study. That is, focusing on the regions identified in the ANOVA, young adults demonstrated a significant negative correlations between EL activity in both the caudate and putamen and bilateral MTL during the EL task (see Table 4 ). Correlations for IL activity between these regions were also negative in young adults, though only the right MTL-right caudate correlation reached significance. However, these negative correlations between learning systems were all attenuated in older adults. Additionally, in several instances correlations between regions (for EL: LMTL/Rcaudate and RMTL/Rcaudate; for IL RMTL/Rcaudate) in older adults significantly differed from those observed in young adults. The foregoing connectivity results also argue against both neural specialization and competition between learning systems in aging; again, supporting a conclusion of neural dedifferentiation in aging.
Baltes and Lindenberger (Baltes and Lindenberger, 1997) have long argued that aging is associated with a reduction in the degree to which behavior is differentiated. Previous studies have supported these behavioral findings with neural evidence from visual and frontal activations (Cabeza, 2002; Grady et al., 1994; Park et al., 2004) . The current study extends these findings to show dedifferentiation between declarative and nondeclarative learning systems. Such functional or neural compensation in aging is a well-established response to the age-related changes found within neural networks (Cabeza, 2002; . That is, as a given region exhibits decline in its neural efficiency and recruitment, other regions have been shown to increase their activation in a compensatory manner to mediate cognitive functioning for the declining region. While this form of age-related compensation has been shown to occur in contralateral or adjacent regions (for reviews see Cabeza, 2002; Greenwood, 2007) , given the aforementioned evidence of the MTL and striatal specialization and function, compensation in the form of dedifferentiation between the two learning systems appears an appropriate action in response to declining function in either system. Of course the underlying cause for such decline and subsequent dedifferentiation in the aging brain is a matter for further investigation.
It should also be noted that a majority of the research identifying neural dedifferentiation in aging does so in the absence of age-related changes in task performance. That is, older adults who exhibit dedifferentiation or reduced hemispheric asymmetry perform similarly to younger adults performing the same task (e.g. Cabeza et al., 2002; . Moreover, these same studies find that older adults who show such dedifferentiation outperform older adults who exhibit the same pattern of neural recruitment seen in younger adults performing the task. This pattern of expanded neural recruitment is thus suggested to act as a compensatory mechanism. Because behavioral performance in both the EL and IL tasks did not differ between age groups in the current study, a similar conclusion can be drawn. That is, dedifferentiation of the two learning systems allows older adults to use the most effective processing available to them to maintain learning. While we did not find significant compensatory activity in the striatum for EL, as might be expected from full dedifferentiation, the pattern of activity across the IL task, ANOVA and correlations between the MTL and striatum are supportive of an age-related decrease in specialization and competition between these two regions, favoring dedifferentiation.
Limitations and caveats
The present results should be treated with some caveats. First, the current study included a modest sample of participants (12 young and 12 older adults). Further research is needed to duplicate the current findings using a larger sample. Second, the present study found no behavioral difference between age groups in either the EL or IL tasks. While not necessarily an expected results, this is most likely due in part to the high education and generally high cognitive status of the older adults included in the study. In general we view this not so much as a limitation, but as an asset to the current analysis, in that we are able to investigate neural differences in the absence of behavioral differences. As noted above, the observed dedifferentiation may serve as a compensatory mechanism in the current sample of highperforming older adults, allowing them to recruit additional brain regions to maintain task demands. Comparisons between high and low performing older adults would help to clarify whether this is a ubiquitous change in aging, or associated only with a certain level of performance in aging. Third, the IL task used in the current study, the SRT task, is often regarded as a perceptual-motor IL task. As such, additional studies are warranted to investigate whether the current results generalize to IL tasks that are more motoric in nature (e.g. rotary pursuit). Finally, the current findings regarding the neural correlates of IL in aging differ from those found in a prior study by . While several demographic and measurement differences between the two studies may underlie the observed difference in results, additional research is needed to further elucidate the precise mechanism which mediates age-related changes in neural recruitment during IL tasks.
Conclusions
The current results displayed evidence for dedifferentiation in aging across declarative and nondeclarative learning systems. That is, while young adults showed differential recruitment of the striatum for IL and the MTL for EL, older adults did not. Moreover, younger, but not older adults exhibited significant competition in the form of negative correlations in neural activation between the two regions during both implicit and explicit tasks. Dedifferentiation of neural recruitment and the lack of competition between learning systems suggests that, in aging, these two systems become less specialized. Given the lack of age-related performance differences in both the implicit and explicit learning tasks, results suggest that such neural dedifferentiation is compensatory in older adults and supports the maintenance of cognitive functioning comparative to functioning observed in younger adults. While previous studies have identified dedifferentiation in perceptual regions, this is the first study to do so in learning-related regions. (Figure 3 ).
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